We have studied the key metrics of a prototype antineutrino detector module designed for directional sensitivity. SANDD (a Segmented AntiNeutrino Directional Detector) will eventually comprise a central module of 64 elongated segments of 6 Li-doped pulse-shape-sensitive scintillator rods, each with a square cross section of 5.4 mm × 5.4 mm, surrounded by larger cross section bars of the same material. The most important metrics with the potential to impact the performance of the central module of SANDD are neutron and gamma-ray pulse-shape sensitivity using silicon photomultipliers (SiPMs), particle identification via scintillator rod multiplicity, and energy and position resolution. As a first step, we constructed a prototype detector to investigate the performance of a central SANDD-like module using two 64-channel SiPM arrays and rods of undoped pulse-shape-sensitive plastic scintillator. We report the first observation of neutron/gamma-ray pulse-shape sensitivity using a fully-instrumented 8 × 8 array of plastic scintillator segments coupled to two 5 cm × 5 cm 64-channel SiPM arrays.
Introduction
In recent years, reactor antineutrino detection has become relatively straightforward, so much so that it is now possible to make multiple identical detectors with efficiencies that differ by only 0.2% [1] . However, two outstanding problems relating to backgrounds remain. The first and most prevalent background is caused by fast cosmic-ray-induced neutrons, which can produce antineutrino-like correlated signals from proton recoils followed by neutron capture. Such correlated signals cannot be distinguished from true antineutrinos without particle identification. The second background concerns antineutrinos from neighboring reactors. Since today's detectors are insensitive to antineutrino direction, it is impossible to determine if an antineutrino came from a reactor of interest or from other reactors that produce appreciable antineutrino flux at the detector location. In this paper, we describe the design and the results of a characterization study of a prototype module designed primarily for sensitivity to antineutrino direction and for reducing surface-related backgrounds.
Reactor antineutrinos can be detected via inverse beta decay, ν e + p = e + + n.
The relative positions of the positron annihilation and neutron capture can reveal the direction of the incoming antineutrino [2] . The correlation is weak, however, so large numbers Email addresses: li68@llnl.gov (Viacheslav A. Li), dazeley2@llnl.gov (Steven A. Dazeley) of events and good position resolution for both interactions are required [3, 4] . The detection medium must contain hydrogen in order to facilitate this inverse beta decay reaction. For reasons associated with light output and attenuation length, most successful experiments are based on liquid organic scintillator [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Most include a neutron capturing dopant such as Gd or 6 Li to maximize the neutron-capture efficiency and reduce the neutron diffusion time to capture. Gd capture produces a gamma-ray shower, which results in a poor determination of the position of the capture. 6 Li capture, however, produces a triton and an alpha, which in principle can allow for better position resolution.
As discussed by the NuLat collaboration [21] , there are advantages to using plastic rather than liquid scintillator. First is deployability; liquid scintillator must be blanketed with inert gas, can be chemically aggressive and flammable, requires careful engineering to adjust for atmospheric pressure changes, and can leak. Second, if antineutrino directional sensitivity is desired, plastic enables fine segmentation, which can contribute heavily to the key requirement of better position resolution. Until now however, 6 Li-doped plastic scintillators have not rivaled liquid scintillator in terms of PSD or light output performance. Most of the plastic detectors developed recently have employed non-homogeneous configurations with a separate neutron capturing material [22] [23] [24] [25] . The exception is miniTimeCube [26] , which employed plastic scintillator doped with 10 B; however, it did not have pulse-shape sensitivity and was a monolithic de-tector 1 .
An above ground antineutrino detector must differentiate rare correlated positron and neutron-capture events from more common uncorrelated gamma rays and neutron-induced proton recoils. If this can be done with minimal shielding from cosmic rays, detector technology may be able to transition toward smaller and more mobile concepts of interest to safeguards organizations. The SANDD will be constructed of a new form of 6 Li-doped pulse-shape-sensitive plastic scintillator. The choice of 6 Li as a dopant is motivated by its high capture cross-section for thermal neutrons, the localized energy deposition of its capture products, and its production of distinguishable differences in pulse shape. Pulse-shape sensitivity provides a crucial ability to distinguish neutron elastic-scattering and capture interactions from those of gamma-ray scattering. Small samples of this scintillator have been manufactured in recent years [27] [28] [29] . However, for construction of SANDD, these materials need to be manufactured at larger scale. The detector described here was built with an early form of PSD plastic scintillator without the incorporation of 6 Li. The ability to manufacture undoped PSD plastic preceded the 6 Lidoped plastic by about 6 months. The present prototype was built in order to test the data acquisition system (DAQ) and to study some of the key metrics that will impact the performance of the final SANDD module. These include pulse-shape sensitivity when using a dual 64-channel silicon photomultiplier (SiPM) readout, light transport along the scintillator rods, particle identification from segment multiplicity, and energy and position resolution. The detector constructed for this test incorporates 64 rods of PSD plastic scintillator arranged in an 8 × 8 array. One 64-pixel SiPM array (SensL J-60035 series, 50.44 mm × 50.44 mm) is mounted at each end of the scintillator-rod array. Each pixel has a 6.13 mm × 6.13 mm active area, with a 0.2 mm pitch. A schematic that illustrates the general design features of both the prototype and SANDD is shown in Fig. 1 .
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For antineutrino detection, the segmentation afforded by the use of square cross-section rods of scintillator directs photons up and down towards the two SiPM arrays, allowing for position reconstruction in the plane perpendicular to the direction of the scintillator rods. In the following, the z axis of the detector is defined as parallel to the scintillator rods, while the x-y plane is defined as perpendicular to the scintillator rods. The other advantage of segmentation is the ability to determine particle type based on the number of segments that have energy deposited in them. For neutron-induced proton recoil or neutron capture on 6 Li, the resulting protons, tritons, and alphas are predicted to deposit the bulk of their energy within a single rod. Compton-scattered electrons or inverse-beta-decay positrons, however, are predicted to deposit their energy over a longer range, producing light in multiple contiguous rods. The annihilation gamma rays from a positron may travel a significant distance before depositing energy in the detector. The exploitation of differences in range and rod multiplicity for neutron interactions compared to other particles (gammas, betas, muons) adds another independent discriminant to differentiate rare antineutrino interactions from backgrounds. This complements pulse-shape discrimination and positron-neutron position and time correlation. We report on measurements of particle identification via multiplicity in Section 5.2.
In this paper, we focus on the following performance metrics:
1. Neutron/gamma pulse-shape discrimination capability 2. Light transport and position resolution along the scintillator rods 3. Energy resolution 4. Particle identification via rod multiplicity Significantly, for SANDD and other similar segmented-detector designs, we report possibly the first observation of PSD in a segmented plastic scintillator array coupled to 64-channel SiPM arrays.
The detector
The plastic scintillator used in the prototype was fabricated with the aim of developing meter-scale PSD plastic scintillator. A full description of the development of large-scale PSD plastic scintillators suitable for antineutrino-detection applications will be described in an upcoming publication. The scintillator fabrication process is summarized as follows. Styrene and divinylbenzene (DVB) were distilled and degassed immediately before use. In a nitrogen-purged glovebox, appropriate quantities of PPO, bis-MSB, and divinylbenzene were added to styrene to make mass fractions of 30%, 0.2%, and 5%, respectively. An amount of 0.05% L-231 initiator was added, and then the resulting solution was poured into an aluminum mold. The mold was sealed, removed from the glovebox, and placed in a nitrogen-purged oven for polymerization. The polymerization temperature profile was optimized to eliminate air bubbles and maximize polymerization completion. After polymerization, the solid scintillator block was removed from the mold and machined into sixty-four rods of size 5.4 mm × 5.4 mm × 112 mm. The resulting rods were polished by standard optical polishing techniques.
The scintillator rods and SiPM arrays are shown in Fig. 2 and were placed in a light-tight enclosure. The plastic scintillator rods were optically coupled to the SiPM arrays using BC-630 silicone optical grease. The two SiPM arrays were individually powered. The SiPM operating voltage was set at 30 V for most of the non-amplified tests and at 27 V for tests with the 10×-gain amplifiers. The combination of the amplification and lower bias voltage was chosen to reduce noise in the SiPM array signals. One of the key components of the detector is an interconnect board for reading out the individual signals from all 64 channels of each SiPM array, while preserving the pulse-shape information from the PSD plastic photon-emission profile. The first such boards, obtained from Ultralytics, were designed to generate the fast differential output of the SiPM array. Although these boards have good energy resolution and fast timing, the differential output does not preserve the pulse-shape differences present in the scintillator luminescence. A second iteration of this board, designed for this experiment and also from Ultralytics, produced a "slow-output" or non-differential readout. The two boards are shown in Fig. 3 . The fast-output card has balun transformers (64 in total, one per channel), resulting in output pulses with short (∼10 ns) decay time, long overshoot below baseline, and little PSD information. In contrast, the pulses from individual SiPM-array pixels coupled with the slow-output cards have a decay time of approximately 200 ns.
The DAQ system comprises eight 16-channel VME Struck SIS3316 digitizer modules (250 MS/s, 14 bit, 5 V dynamic range), providing 128 individually-triggered full-waveform channels in total. A simple trigger implementation was chosen so that any one of the 128 channels over threshold triggers the recording of a 400-sample-long waveform from that channel. This simple trigger allows for either multi-or single-rod events to be recorded for later analysis. Waveforms are sent to disk as each digitizer buffer fills. An event builder was implemented in software to time-sort and combine the waveforms that occur within 1 µs as single "events". An example of a 400-sample (1600 ns) waveform is shown in Fig. 4 . The integration times used to determine the waveform pulse shape are adjustable and were optimized using calibration data from neutron and gamma-ray sources (see Section 3). In the analysis, an energy deposit must trigger the SiPM pads on both ends of the scintillator rod for it to be considered a real event trigger. The DAQ is controlled from a Linux desktop machine via a fiber-optic VME-to-PCI interface (Struck SIS 3100/1100). The raw data from the digitizers is stored in ROOT format [30] , and then processed by a series of ROOT routines to handle the event building and analysis.
Calibration and analysis
Each waveform saved to disk consists of 400 samples over 1600 ns. The first step in the analysis procedure is the calculation of the pedestal. The pedestal for each channel is simply an average over the first 60 samples (240 ns) of each waveform. A PSD-analysis routine is subsequently applied to determine if the pulse shape is neutron-like or gamma-ray-like. Since the light output from the scintillator due to neutron interactions produce longer light pulses, we employ a simple Q tail /Q total metric where Q tail and Q total are integrated over the following time intervals (see Fig. 4 ):
where T = 0 ns is defined as the start time of the charge integration, 20 ns (5 samples) before the leading edge of each pulse. These integration times were determined from an optimization analysis described in Section 5.1. To ensure uniformity of response from all 128 channels in contact with scintillator, each 64-channel SiPM array was evenly illuminated with pulses of light from an LED, and then the gain was corrected to equalize all the channels. The scintillator bars were subsequently coupled to the SiPMs and a collimated beam of 137 Cs 662 keV gamma rays was directed at the scintillator volume at a position corresponding to z = 0 (the center, see Fig. 5 ). The charge spectra from each of the channels were obtained and the Compton edges for each channel identified and assigned a corresponding charge value. The differences among the channels were attributed to differences in coupling efficiency between the scintillator rods and the SiPM pads. The apparent signal intensities of each channel were then corrected relative to the SiPM channel with the largest Compton edge charge value, so that all channels generated an equivalent response. Following calibration, the measured charge at both ends of each scintillator rod can be correlated to the event energy by assuming that the signal measured depends exponentially on the distance along the rod as follows [31] :
where E A and E B are energy depositions (in arbitrary charge units) as measured by SiPM A and B, respectively. So long as the light output detected at each end of each rod follows an exponential dependence on the distance to the event, the geometric mean of the light output recorded at the two ends of the rod is proportional to deposited energy. Figure 6 : A visualization of a cosmogenic muon (shown in red) passing through the detector. The rods with energy deposited by the muon are shown in yellow, while the rods missed by the muon are shown in green.
Following calibration, the detector was ready for physics events. For instance, Fig. 7 shows an example of the detector response to a cosmogenic-muon candidate, as mapped onto SiPM A and B from the point of view of a coordinate system defined by the arrangement of the scintillator rods. Fig. 6 shows the coordinate system used and a visualization of a hypothetical muon track through the scintillator rods. Fig. 8 shows the PSD and the total energy detected in the 64rod module for an uncollimated 137 Cs source following calibration. The Compton edge is situated at approximately 500 keV ee . Also shown is the pulse shape quantified in terms of Q tail /Q total as a function of energy, where energy is defined for any particle as the equivalent energy of an electron (MeV ee ), determined using Equation (4). The equivalent PSD plot for an uncollimated 252 Cf source is presented in Section 5.1.
Performance metrics
SiPM signal characteristics and amplification
Despite the lack of meaningful PSD information available from the fast-output boards, satisfactory energy sensitivity was nevertheless obtained. Fig. 9 shows a series of spectra obtained for 137 Cs -with and without amplifiers, and utilizing both slow and fast outputs. The best performance, which we define here as the sharpest Compton edge, was achieved using slow-output readout and amplifiers (eight 16-channel, 10×-gain fast-amplifier CAEN N979 modules), though the improvement over fast readout was almost negligible.
Another test of the calibration is to measure the relative amount of signal observed in SiPM A and SiPM B as a function of z position. After calibration, events that occur at z = 0 should produce an equivalent signal at SiPM A and B. The ratio R AB , which we refer as the AB ratio, is defined as
where Q A and Q B represent the charge collected on SiPM A and B respectively. In the following, R AB will be used to determine the z position of each event. In order to maximize position sensitivity, the AB ratio was calculated only for the rod with the largest energy deposit. Fig. 10 represents the AB ratio distributions for a 137 Cs source collimated at z = 0, for two different energy ranges. 
Teflon wrapping of scintillator
We also experimented with wrapping the scintillator bars with Teflon in an attempt to maximize light output. Although the light yield increased slightly when wrapped, we found that the light transport as a function of distance along the scintillator rods suffered. Fig. 11 illustrates this effect, for both amplified and non amplified output data, with and without Teflon. The two flattest curves, indicating minimum signal loss with rod length, were from non-Teflon-wrapped data runs. A possible cause of this effect is that the Teflon may slightly impact the effective total internal reflection (TIR) along each scintillator rod. Since the aspect ratio of the scintillator rods is large, the TIR photons reflect multiple times before reaching a SiPM. If a photon leaks from a rod due to imperfect TIR, it undergoes diffuse reflection off the Teflon and cannot resume its former TIR trajectory. These photons eventually absorb after many reflections. The use of Teflon seems to make no difference to the energy resolution, as shown in Fig. 12 .
The tests to investigate effects of the readout boards, amplification and Teflon wrapping were all performed on a 9-rod version of the prototype detector for the sake of convenience. Once the optimal configuration was found, the prototype was filled with the remaining rods of the 64-rod assembly. The optimal configuration was to bias the SiPMs at a slightly lower voltage while using amplifiers, and to use non-Teflon-wrapped rods (to maximize light transport along each rod). We will show below the effect of using the slow-output interconnect cards for PSD. We note that the full 64-rod assembly had a more prominent 137 Cs Compton edge than the 9-rod configuration, as shown in Fig. 13 . This is because each rod is situated 1 mm from its neighboring rods. Compton-scattered electrons that exit one rod immediately enter a neighboring rod, ensuring that little of the deposited energy is lost, contributing to the Compton edge. Another important issue to consider is that in some cases we observed an ingress of the optical grease between the scintillator and Teflon tape, near the ends of each rod, further deteriorating the TIR mechanism and subsequently compromising the detector's overall performance.
Position resolution using relative charge (AB ratio)
In Fig. 14 the effective attenuation length, which includes the effects of the intrinsic attenuation length of the scintillator and reflectivity loss at the surface of each rod segment, was calculated from the exponential fit to the light output as a function of z position from each of the SiPMs channels. Fig. 15 shows a series of measurements of the AB ratio as a function of the z position using collimated gamma rays from a 137 Cs source. A linear fit is shown with a slope of −0.034/cm. We use this fit to determine the z position of each event in the detector. The position uncertainty as a function of energy is also shown in Fig. 16 . We find the position uncertainty to be ∼1 cm at 1 MeV ee . Some continued slight reduction of uncertainty can be anticipated for higher energies.
Particle identification
Pulse-shape discrimination
Sensitivity to differences between neutron and gamma-ray interactions via differences in signal pulse shape is an important metric for antineutrino detection and background reduction. In organic scintillators, neutron interactions such as proton recoils and neutron capture on 6 Li produce higher concentrations of molecular triplet states, which yield a longer light pulse than electrons [27, 28] . In this work, relative differences in pulse shape were quantified using the ratio of the tail charge to total charge, as shown in Fig. 4 . The timing cuts were determined via an optimization using a figure-of-merit (FOM) calculated over a broad range of potential Q tail and Q total time ranges. The FOM was defined as
where µ e (µ n ) and FWHM e (FWHM n ) are the mean and full width half maximum values of Q tail /Q total , for electrons and neutrons, respectively. The resulting optimal time ranges for tail-charge and total-charge integration times are given in Eq.
(2) and Eq. Figure 17 : Neutron/gamma pulse-shape discrimination from a 252 Cf source, based on tail/total charge analysis using the full 64-rod module. Main plot: a distribution of events as a function of Q tail /Q total and total energy. Inset plot: a distribution of Q tail /Q total with total energy above 300 keV ee . Fig. 17 shows Q tail / Q total after optimization as a function of electron-equivalent energy for a 6-µCi 252 Cf source shielded behind 15 cm of lead to reduce the gamma-ray component of the flux. The source was located at z = 0, 20 cm from the detector. Also shown in the inset figure is a 1-D plot of Q tail / Q total integrated over all energies greater than 300 keV ee .
We note here that these results may represent the first published report of pulse-shape sensitivity from fully instrumented 64-channel SiPM arrays coupled to plastic scintillator. Until now, most 64-channel readout boards have been of the fast output (differential) variety [32] . PSD in plastic scintillator or stilbene, using slow (non-differential) readout boards, has been previously reported in single-channel or summed SiPM read-outs [33] [34] [35] . For SANDD, the full 64-channel SiPM pulseshape sensitivity reported here appears to be adequate for antineutrino detection. However, improvements may be achievable in the future with some further optimization of the readout.
Rod multiplicity
The PSD parameter in Fig. 17 was used to select separate populations of gamma-ray-and neutron-scattering-induced events for this study. At energies greater than ∼1 MeV ee , the population of gamma-ray events tends to deposit their energy across more than one scintillator rod, as illustrated in Fig. 18(a) . This is because electrons deposit their energy over a longer distance in the scintillator than protons, thus traversing multiple rods. The population of neutrons tends to primarily deposit their energy within a single rod (>90%). This multiplicity effect will also be used to further discriminate between neutron and gamma events in the SANDD detector. Fig. 18(b) shows the fraction of neutron-and gamma-like events with rod multiplicity>1. Most neutron-like events have rod multiplicity=1 (92%), which is fairly constant with energy. In contrast, the gamma rays produce higher multiplicity events more often, and at a rate that appears to depend approximately linearly with energy over the range of energies examined here 3 .
Conclusion
A fully-instrumented 64-rod prototype detector, instrumented with two 64-channel SiPM arrays and a 128-channel individual-waveform readout system, has been built. A special PSD plastic scintillator was synthesized as a part of this effort. The detector's full 128-channel readout produces neutron/gamma PSD sufficient for use as an antineutrino detector. The FOM at particle energies 300 keV ee is equal to 1.1 for this prototype detector.
We performed a variety of tests with different configurations and using different radioactive sources. We tested individual large aspect ratio Teflon wrapping, amplification combined with lower SiPM bias voltage, differential and non-differential SiPM readout. Our tests showed that Teflon-wrapping is not necessarily the ideal way to maximize light transport along each of the high-aspect-ratio scintillator rods.
In the near future, we plan to upgrade the plastic scintillator to a 6 Li-loaded formulation at length scales approaching 40 to 50 cm. After that, we plan to surround this module with larger scintillator bars of cross-sections 2.5 cm × 2.5 cm and 2.5 cm × 5 cm, in readiness for a deployment at a nuclear reactor. The full detector (SANDD) will contain approximately 10 liters of 6 Li-doped PSD plastic scintillator, and will be a hybrid, instrumented with both SiPM arrays and PMTs, as shown in Fig. 19 .
To the best of our knowledge, this prototype is the first experiment to report PSD in a fully instrumented SiPM array coupled to plastic scintillator. This work may open new possibilities in 3 It is likely that cosmogenic muons are some fraction of those highmultiplicity gamma-like events at high energies. The fraction of events with multiplicity≥2 as a function of energy (for energies >300 keV ee ). The neutrons and gamma rays were selected on the basis of their pulse shape from 252 Cf data: 0.55 < Q tail /Q total < 0.59 -gamma rays, 0.61 < Q tail /Q total < 0.68 -neutron scatters.
the field of compact neutron-imaging applications and reactorantineutrino directional detectors. Figure 19 : Exploded view of the final configuration to be constructed and deployed near a nuclear reactor.
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